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Abstract: A scalable fiber laser approach is described based on phase-locking multiple gain cores
in an antiguided structure. The waveguide is comprised of periodic sequences of gain-and no-gain-
loaded segments having uniform index, within the cladding region. Initial experimental results are
presented.

Introduction
We have defined a new power-scalable concept for fiber lasers known as the Ribbon Laser. The strategy
for scaling is to include numerous cores in a single fiber, each able to deliver a certain amount of power
(eventually about 100- 200 W). The key, of course, is to maintain a phase-locked wave front across these
numerous core regions.

A simplified drawing of our Ribbon Laser, having only one transverse dimension, appears in Fig.
1, where a transverse profile is shown. In this example, the refractive index is plotted, and it is seen to vary
periodically. The two main approaches for achieving phase-locking are based on: evanescent and radiative
coupling. If the effective index of the propagating mode is intermediate between the low and high indices,
then the coupling is evanescent (i.e. the “tails” of the neighboring fields in each of the cores overlap). If the
effective index is lower, then the field is not confined and migrates freely throughout the entire Ribbon
structure.
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Fig. 1 LHS: Simplified drawing of the transverse Ribbon Laser structure, showing the modulated
refractive index, and the n.yvalues that give rise to evanescent and radiatively coupled modes.
RHS: Three-dimensional drawing of E-field, propagation direction (+z), and refractive index.

We have found that a “photonic bandgap” emerges in this structure, depending on the sense of the
refractive index variation.' In Fig. 2 below, we see that the gain regions are the same in the upper and
lower plots, although the modulation of the index has an opposite sign. On the LHS, the overlap for each
of the modes is plotted against the effective index, while the fields characterizing the two modes on each
side of the bandgap are expressly shown on the RHS. It is readily apparent that the bandgap is analogous to
the valence and conduction bands of a crystal.

* Presently at Air Force Research Laboratory, Albuquerque, NM
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The most interesting result that we obtained is pictured below in Fig. 3. Here we utilize a constant index
across the Ribbon Laser, and observe that the mode structure leads to the dominance of a single mode that
has considerably more overlap than all the other modes. Of course the greater overlap of this mode leads to
much higher gain, such that it becomes the preferred operating mode of the laser. The preferred mode
exhibits five intensity peaks, one within each of the gain regions. All of the other modes have more or less
than five intensity lobes, so they have less overlap with the gain regions. This type of structure, based on
having a uniform index across the ribbon structure, is analogous to a “photonic metal,” since the uniform
refractive index is like the constant potential seen by electrons in a metal.
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Fig. 3 Predicted modal structure for 5-core Ribbon Laser, based on a uniform transverse
refractive index profile. A single preferred mode emerges that has significantly more overlap (and
gain) than the other modes.

Prototype Ribbon Fiber Structures

Our proposed approach offers a pathway for scaling fiber lasers to the high average power regime based on
phase locking multiple gain cores in a fiber structure using anti-guiding or radiative coupling. The initial
focus is on a ribbon-like geometry surrounded by a circular pump cladding as shown in Fig. 4, in which the
waveguide region contains 5 gain cores alternating with non-gain regions in a periodic array. An outer,
lower index cladding surrounds the entire ribbon structure. The distinguishing feature of the Ribbon Laser
design is a constant refractive index profile across the waveguide region as opposed to alternating higher
and lower index regions. As indicated above, our modeling predicts that the constant index design will
provide a mode spectrum that meets two critical design requirements: (1) strongly favored oscillation in a
single transverse mode, and (2) good intensity uniformity across the waveguide structure. We require single
mode operation so that a static phase corrector placed in the near field of the ribbon laser’s output can
optimize the phase across the aperture to achieve a high Strehl output beam. The second requirement is



necessary to ensure that the gain saturates in a uniform manner across the structure so as not to increase the
propensity of the device to operate in multiple transverse modes. Conceptually, the device can be scaled to
higher powers simply by increasing the number of anti-guided cores within the ribbon. Modeling predicts
this design will scale to 100 embedded gain cores with reasonable tolerances requirements if fused silica is
used as the base material. The strong phase locking inherent in this approach should allow all the gain cores
in the ribbon to communicate with each other and therefore scale to higher powers with higher phase
fidelity across the aperture than is possible with similar evanescently coupled structures. This approach, in
which the gain elements are radiatively coupled in a “leaky” waveguide array, is analogous to the most
successful scheme for phasing laser diode elements.’
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Fig. 4 Cross-sectional view of 5-core ribbon fiber being fabricated with Schott glasses.
The central rectangular region is the waveguide region and the larger circular region is
the pump cladding.

The structure shown in Fig. 4 uses 5 gain cores and a waveguide region that is ~6 um high by ~60 pum

wide. The pump radiation is confined to the larger ~300 um diameter circular outer clad. As a material for
this prototype device we have selected LG-660, an alkali-zinc-silicate laser glass, as the base glass. LG-660
offers viscosity characteristics compatible with redraw technology without risk of devitrification. A
production melt of LG-660 doped with 4wt% Nd,O; serves as the active core glass. Passive lanthanum
containing variants of LG-660 were prepared to serve as undoped core and cladding glasses. The undoped
core glass matched the active glass in refractive index and thermal expansion to <0.001 and <1x1077/K
respectively. On the other hand, the composition of the undoped cladding glass was adjusted to provide an
index 0.006 - 0.007 less than the core glasses, and with a thermal expansion roughly 2x107/K lower than
the core glasses, insuring that during fabrication of redrawn ribbon the cladding glass would be placed
under compression.

Experimental Results

In collaboration with Schott Glass Technologies and Collimated Holes, we have produced a first prototype
of the Ribbon Laser structure (shown below in Fig. 5). While the index control is barely acceptable at this
juncture (the doped regions in the waveguide have an index value that is larger than the undoped regions by
.0012), the device has exhibited a reasonable level of coherence to suggest that our theory of the Ribbon
Laser is viable.

Fig. 5 Photograph of the first

prototype Ribbon Laser,

~ showing the outer pump clad,
. and the alternating Nd-doped
| and undoped regions.




The prototype Ribbon Laser exhibited optical to optical efficiencies of up to 20%, as noted in Fig. 6. The
laser operated near 1.05 pm as expected, and was pumped near 0.808 um. Also featured in Fig. 6 (RHS)
are measurements of the coherence exhibited by the device. In these experiments, two of the various cores
(numbered 1 through 5) are arranged to interfere — the depth of the modulation or the visibility of the
fringes is seen to vary from 39 % to 13 %. With improved index control, we expect to attain the full level
of modulation indicating a single phase coherent mode is lasing across the entire aperture.

Laser Efficiency Relative to Absorbed Pump Power
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Fig. 6 Experimental data obtained from the first prototype Ribbon Laser, including slope
efficiency data and measurements of the fringe visibility (coherence) between pair of cores.

At this juncture, we have completed our theory of the Ribbon Laser and have demonstrated that the first
working prototype has properties consistent with predictions. With these initial results we are encouraged
that the Ribbon Laser concept is scalable, and could one day reach power levels consistent with laser
weapons. An improved prototype device is currently in testing.

Summary

In summary, we have developed and are in the process of demonstrating a new, robustly scalable technique
for phase locking multiple gain cores in a fiber structure based on anti-guiding or radiative coupling. We
have selected and extensively modeled a ribbon-like geometry in which the waveguide region contains
multiple gain cores alternating with non-gain regions imbedded in a constant index profile, yielding good
mode selectivity and intensity uniformity across the waveguide structure. Initial experimental
demonstrations and characterizations are focused on a five-gain core ribbon structure. This work was
performed under the auspices of the U.S. Department of Energy by the University of California Lawrence

Livermore National Laboratory under contract No. W-7405-Eng-48, and by the Air Force Research
Laboratory.

References

' R.J. Beach, M.D. Feit, R.H. Page, L.D. Brasure, R. Wilcox, and S.A. Payne, “Scalable Antiguided Ribbon
Laser Concept”, JOSA B accepted for publication.
’D. Botez and D. R. Scifres, Diode Laser Arrays, Chapter 1, Cambridge Univ. Press1994.




